Water-soluble polymers for the delivery of chemotherapeutic drugs passively target solid tumors as a consequence of reduced renal clearance and the enhanced permeation and retention (EPR) effect. Elimination of the polymers in the kidney occurs due to filtration through biological nanopores with a hydrodynamic diameter comparable to the polymer. Therefore we have investigated chemical features that may broadly be grouped as "molecular architecture" such as: molecular weight, chain flexibility, number of chain ends and branching, to learn how they impact polymer elimination. In this report we describe the synthesis of four pairs of similar molecular weight cyclic and linear polyacrylic acid polymers grafted with polyethylene glycol (23, 32, 65, 114 kDa) with low polydispersities using ATRP and "click" chemistry. The polymers were radiolabeled with 125 I and their pharmacokinetics and tissue distribution after intravenous injection were determined in normal and C26 adenocarcinoma tumored BALB/c mice. Cyclic polymers above the renal threshold of 30kDa had a significantly longer elimination time (between 10 to 33 % longer) than did the comparable linear polymer (for the 66 kDa cyclic polymer, t 1/2, β = 35 ± 2 h) and a greater area under the serum concentration time curve. This resulted in a greater tumor accumulation of the cyclic polymer than the linear polymer counterpart. Thus water-soluble cyclic comb polymers join a growing list of polymer topologies that show greatly extended circulation times compared to their linear counterparts and provide alternative polymer architecture for use as drug carriers.
Introduction
In an attempt to improve polymeric drug delivery the role of polymer topology has been examined on how polymers are handled by the body after parenteral administration. [1] Knowledge concerning the circulation time and tumor accumulation of polymers with various architectures will inform us if a particular architecture has advantages for the delivery of drugs to solid tumors via the enhanced permeability and retention (EPR) effect. [2, 3] Previously we investigated star polymers and showed they have a longer circulation time and higher accumulation in tumors than linear polymers of the same molecular weight, [4] even though star polymers have a considerably smaller volume than the linear counterpart. [5] Linear polymers pass though nanopores in the kidneys and are eliminated more easily than star polymers. This is because linear chains reptate through nanopores whereas star polymers are excluded by the multiple arms when the nanopore diameter is smaller than the polymer diameter. [3, 5] We extended this interest to the potential use of cyclic polymers in drug delivery. We expected that cyclic comb polymers would show a longer circulation time and higher accumulation in tumors than comparable linear comb polymers when their molecular weights were above the threshold (> 30 kDa) [6] for elimination in the kidneys. The reasoning is similar to that applied in the star polymer example; two chain segments each with an attached comb segment would need to traverse the pores for cyclic polymers to be eliminated (Scheme 1).
Scientific curiosity concerning cyclic polymers began more than half a century ago with the discovery that double-stranded polyoma virus DNA exists as a closed circular macromolecule [7, 8] and the theoretical prediction that the cyclic polymers have different properties than linear polymers of the same molecular weight. [9] Synthetic routes to lower molecular weight cyclic molecules has allowed their properties to be explored by pharmacologists. [10] [11] [12] However, until recently, cyclic macromolecules have been difficult to synthesize. [13] [14] [15] [16] [17] We reported that a biodegradable cyclic polymer had a longer elimination time and a greater area under the blood concentration versus time curve compared to a linear biodegradable polymer of the same molecular weight after intravenous injection. [6] We wanted to know if the observed pharmacokinetic difference was an intrinsic property of cyclic polymers or rather if it was due to the fact that we had studied biodegradable polymers; chain cleavage in a linear molecule results in two lower molecular weight polymers whereas a single chain cleavage in a cyclic polymer generates a linear chain with the same molecular weight as the initial cyclic polymer. The two lower molecular weight fragments would undergo renal elimination faster than would the intact linear polymer; hence hydrolysis and not the intrinsic physical properties related to the cyclic topology would account for the longer retention of the biodegradable cyclic polymer. [6] In this study, we investigated the influence of the topology and MWs of more stable polymers on polymer circulation time and tumor uptake. It requires that cleavable sites on the cyclic and linear polymers be as few as possible so that the cyclic and linear polymers remain intact in the body. We synthesized cyclic poly(tert-butyl acrylate) (PtBA) using the method described by Grayson and coworkers ( Figure 1 ). [18, 19] An advantage of the route is that each of the intermediates and the cyclic product can be isolated easily, yielding cyclic polymers with high conversion and narrow polydispersity. The MW and water solubility of polymers can be adjusted by conjugating polyethylene glycol amine to the carboxylic acid via an amide bond on the cyclic and linear poly(acrylic acid) (PAA) backbones after deprotection. A low number of tyramine (circa 1 per chain) was attached for labeling with radioactive iodine. We synthesized four pairs of cyclic and linear polymers with similar MWs and low polydispersities for each pair, radiolabeled them and determined the influence of polymer architecture and molecular weight on their pharmacokinetics and biodistribution. Using these more stable polymers we confirmed and extended the finding [6] that cyclic polymers with molecular weights above the renal elimination threshold have a longer circulation time in mice than do linear polymers of the same molecular weight.
Materials and methods

Materials and instruments
Alumina, dichloro methylene (DCM) and dimethyl formide (DMF) with ACS grade were purchased from Fisher Scientific. Methoxypolyethylene glycol amine (mPEG amine) (5000) is bought from Laysan Bio Inc.. MPEG amine (2000) was synthesized as described previously. [20] All other chemicals of the highest grade available including solvents were purchased from Sigma-Aldrich and used without further purification. 1 H NMR spectra were recorded on a Bruker Avance 300 MHz ultrashield NMR. NMR chemical shifts are reported in ppm and calibrated against solvent signals. MALDI-TOF MS data was collected on a PerSeptive Biosystems Voyager-DE instrument in positive ion mode using an iodoacetic acid (IAA) matrix and calibration against bovine insulin standards. Gel Permeation Chromatography (GPC) consisted of a Viscotek 1122 pump, a Viscotek 270 dual detector and a Viscotek 3500 differential refractive index (RI) detector. At 50°C GPC was performed at 1.0 mL/min in two Resipore (3 μm) columns (Polymer Laboratories, 300 × 7.5 mm) using THF as the mobile phase and poly(methyl methacrylate) (50kDa, Sigma-Aldrich) as the calibration standards.
Synthesis of APtBA-Br (2)
CuBr (334 mg, 2.34 mmol) and initiator 1 ( Figure 1 ) (482 mg, 2.34 mmol) were added to a round bottom flask, which was subsequently evacuated for 15 min and back-filled with argon. Freshly distilled tert-butyl acrylate (15.0 g, 117 mmol) was added via a degassed syringe followed by degassed DMF (35 mL). The reaction flask was immediately submerged in liquid N 2 for 5 minutes, then added PMDETA (391 mg) before evacuated for 15 min and backfilled with argon. When the mixture thawed completely, the flask was submerged in a 70ºC oil bath and stirred for 1 h. The reaction flask was frozen in liquid N 2 , then opened to air. The viscous, black mixture was diluted with DCM (120 mL). After thawing, the mixture was passed through a column of neutral alumina, concentrated on a rotary evaporator, precipitated in a 10:1 volume of 50-50 methanol-water three times, dissolved in diethyl ether, dried over MgSO 4 , filtered, concentrated on a rotary evaporator, and dried in vacuo for 1 d to yield APtBA-Br (4.30 g, M n (NMR): 6,600 Da, PDI = 1.09 (GPC)) as a white solid. 1 Sodium azide (39 mg, 0.6 mmol) was added to a round-bottom flask containing compound PtBABr (0.2 g, 0.03 mmol) dissolved in DMF (20 ml). The reaction mixture was stirred at 50ºC for 1 d after which time it was allowed to cool to room temperature. The organics were concentrated on a rotary evaporator and precipitated into a 10:1 volume of 50-50 methanolwater. After decanting the methanol-water solution, the remaining solid was dissolved in diethyl ether, dried over MgSO 4 , filtered, concentrated on a rotary evaporator, and dried for 2 days in vacuo to yield APtBA-N 3 (0.15 g) as a white solid. 1 H NMR (300 MHz, CDCl 3 ): δ 4.66 (s, 2 H), 3.65 (m, 1 H), 2.23 (br, 47 H), 1.83 (br, 25 H), 1.14-1.67 (br, 523 H).
Synthesis of cyclic PtBA (5)
To a 500 ml round bottomed flask was added CuBr 0.477 g (2.2 mmol), 1.03g 4, 4'-bipyridine (bpy) and 300 ml of DMF degassed by Ar. A separate flask containing 0.1 g (0.015 mmol) APtBA-N 3 dissolved in 5 ml DMF was degassed through argon bubbling. This solution was then added to the CuBr/bpy reaction solution at 120°C via a syringe pump at a rate of 0.5 μl/ min. Once the addition of polymer to the catalyst solution was complete, the reaction was allowed to proceed at 120°C for an additional 5 h. The reactions were concentrated on a rotary evaporator and precipitated into a 10:1 volume of 50-50 methanol-water. After decanting the methanol-water solution, the remaining solid was dissolved in diethyl ether, dried over MgSO 4 , filtered, concentrated on a rotary evaporator, and dried for 2 days in vacuo to give a white solid. 1 
Synthesis of polyacrylic acid
Into 1 mL of dichloromethane solution of PtBA (100 mg), trifluoroacetic acid (0.5 ml) was slowly added at 0°C with vigorous stirring. The reaction was kept at 0°C for 3 h and then overnight at room temperature. The reaction mixture was carefully evaporated and washed with ether. The product was dried in vacuo for overnight.
Synthesis of PEGylated polyacrylic acid
2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate methanaminium (HATU, 0.4 g) and 1-Hydroxy-7-Azabenzotriazole (HOAT, 0.124 g) were added to a flask containing cyclic or linear polyacrylic acid (16 mg, 0.224 mmol of acid groups) in 1.6 ml of anhydrous DMF under argon. The mixture was stirred for 2 h, followed by the addition of N, N-diisopropylethylamine (DiPEA, 0.2 ml), tyramine (0.63 mg) and methoxypolyethylene glycol amine (mPEGA). The PEGylated linear polymers were dialyzed against water to remove the free PEG chains while the PEGylated cyclic polymers were dialyzed against methanol to prevent hydrolysis of the ester bond on the cyclic backbones. [6] A Spectra/Por Cellulose Ester Membrane with a MW cutoff of 100 kDa from Spectrum Laboratories was used for all samples. Solvents were changed every 12 h and dialyses were stopped after 72 h. The suitable amount of mPEGA added in the reaction and the results of polymer MWs and polydispersity characterized by 1 HNMR and GPC are listed in Table 2 .
Animal experiments
All animal experiments were performed in compliance with the National Institutes of Health guidelines for animal research under a protocol approved by the Committee on Animal Research at University of California (San Francisco, CA) (UCSF).
Biodistribution studies
To track the fate of the polymers in table 2 in vivo, the phenolic groups were radiolabeled with 125 I using the chloramine T method as previously described. [21] Polymer solutions (200 μL) at a dose of approximately 50 mg/kg were administered intravenously via the tail vein to 6-8 week old BALB/c female mice. The mice were sacrificed at seven different time points (three mice per group) ranging from 5 min to 48 h postinjection for biodistribution analyses. The blood (collected by heart puncture), heart, lungs, liver, stomach, spleen, intestines, kidney, body, tail and head were weighed, and the amount of radioactivity present in each organ was quantified. Periodically, blood was also collected from the retroorbital sinus at intermediate time points to determine the dose of polymer in the blood. For the 24 h time points, mice were housed in metabolic cages to allow for the collection of urine and feces. The % injected dose per gram (% ID/g) of blood versus time curve was analyzed using a two-compartment model. [22] 
Biodistribution studies in tumored mice
Female BALB/c mice were injected with C26 colon carcinoma cells on the right rear flank by subcutaneous administration. Twelve days after tumor inoculation, the mice (three per group) were injected intravenously via the tail vein with 200 μL of radiolabeled polymer solution prepared as described above. The mice were sacrificed at 48 h postinjection injected with ~115 and 32 kDa polymers and at 24, 48, 72 and 168 h with ~66 kDa polymers. Their blood, liver, muscle and tumor were collected and weighed, and the radioactivity in each was quantified. Distribution of radioactivity in organ was not corrected for the blood remaining in the organ.
Results and discussion
Cyclic polymer synthesis
To obtain meaningful and reproducible pharmacokinetic data of polymers, it is critical to produce the water-soluble cyclic polymers with narrow polydispersity (<1.2). [4] Only a few methods can prepare cyclic polymers with this criterion though various ways have explored the synthesis of cyclic polymers. [17, [23] [24] [25] [26] [27] [28] [29] Most of the cyclic polymers with narrow polydispersities were prepared by controlled living polymerizations. For example, cyclic [styrene (S)-b-isoprene (I)-b-methyl methacrylate (MMA)] with narrow polydispersity was synthesized under high-dilution conditions by the end-to-end intramolecular amidation reaction of the corresponding linear-α, ω-amino acid precursor [S-b-I-b-MMA] prepared by anionic polymerization. In this case, tedious purifications are necessary to isolate cyclic polymers from acyclic impurities due to the low efficiency of the DCC coupling. [30] Grayson and coworkers have synthesized well-defined cyclic homopolymers and block copolymers by combining atomic transfer radical polymerization (ATRP) with "click chemistry" to cyclize α, ω-difunctional linear precursors with a high diluted concentration. [18, 19] The conversion of cyclization by "click chemistry" is near-quantitative so time-consuming purification was circumvented. This approach can be used to prepare a broad diversity of cyclic polymers with a range of monomer functionalities. Recently, Waymouth and colleagues have successfully developed a fast and highly efficient zwitterionic strategy for the controlled synthesis of highmolecular-weight cyclic polylactide [31] and poly(β-butylactone) [32] with narrow polydispersity even at relatively high monomer concentrations. However, further modifications are needed to make these cyclic polymers water-soluble to be used for drug delivery. The approach taken in this work is one way to prepare water-soluble cyclic polymers.
In this study, poly(tert-Butyl acylate) (PtBA) was employed as cyclic and linear backbone because carboxylic acid can be provided for further PEGylation for MW tuning by removing the t-butyloxy protection and the bromide at the end of linear polyacrylate chain is readily to be substituted by azide compared to polymethacrylate (Figure 1 ). [33] PtBA was prepared by atomic transfer radical polymerization (ATRP) using a previously reported alkyne initiator, [34] 1, catalyzed by Cu(I)Br with PMDETA ligand at 60°C under the protection of argon after three freeze-pump-thaw cycles to remove oxygen. (Figure 1 ) The resulting alkyne terminated PtBA (APtBA-Br) homopolymer has a narrow distribution (PDI < 1.09) with molecular weight of ~6.6 kDa ( Table 1 ). The hydrogen a close to the bromide with chemical shift of 4.11 ppm was completely replaced by hydrogen c with chemical shift of 3.65 ppm (Figure 2A ) due to the substitution of bromide by azide as reported by Johnson et al. [35] Thus, as we expected, the acrylate bromide end group of APtBA-Br was stoichiometrically transformed to the azide of A-PtBA-N 3 using sodium azide as a nucleophile.
The desired cyclic polymers were efficiently produced by the Huisgen cycloaddition known as "click chemistry" using a syringe pump for continuous addition of α, ω-functionalized linear polymer precursor, APtBA-N 3 [19] From 1 H NMR spectroscopy (Figure 2A) , the new hydrogens d and e (Figure 1 ) with chemical shifts of 7.7 and 5.19 ppm replaced the hydrogens b and c with chemical shifts of 3.65 and 4.66 ppm, respectively. This means that cycloaddition is complete. The MW of the cyclized polymer is almost identical to APtBA-N 3 measured 1 HNMR ( Table 1) . The longer elution time of cyclic polymer and narrow polydispersity (PDI < 1.13) observed by GPC ( Figure 2B ) indicates intramolecular cyclization has occurred. This is because the hydrodynamic volume of cyclic polymers is smaller compared to linear polymers, consequently, [19, 36, 37] the MWs of the cyclic polymers measured by GPC are smaller than the linear counterparts. (Table 1 ).
The linear polyacrylic acid (PAA), 4 and cyclic PAA, 6 formed after deprotection of APtBA-N 3, 2 and cyclic PtBA, 3, respectively, have the MWs of 3640 and 3590 Da measured by matrixassisted laser desorption time-of-flight mass spectrometry (MALDI-TOF MS). We are unable to obtain mass spectroscopy of PtBA 2 and 3. The MWs of 4 and 6 are consistent with the MWs of the cyclic and linear PtBA by NMR (Figure 2 ). This strongly supports the assignment of an intramolecular cyclization instead of an intermolecular condensation in the reaction.
PEGylation of cyclic and linear polymers
The polyacrylic acid (PAA) backbone deprotected from PtBA was further modified by conjugation of mPEG amine (Figure 1 ) to increase water solubility and increase the MW. The grafting density of PEG chains with MW of 2 and 5 kDa on the linear and cyclic PAA backbones can be tuned by changing the molar ratio between PEG chains and backbones, so that the MWs of polymers can be adjusted above and below the elimination threshold (~30 -40 kDa) of the kidney. HATU was employed as coupling agent since DCC and EDCI were not efficient enough to achieve high MWs. Approximately one tyramine per polymer molecule were also attached before polymer PEGylation for iodination.
Four pairs of PEGylated cyclic and linear polymers were prepared with MWs from ~20 to 115 kDa. (Table 2 ) Each pair have very similar MWs and narrow polydispersities (PDI < 1.2), which are essential to obtain reproducible pharmacokinetics and ensure that any difference of pharmacokinetics and biodistribution between cyclic and linear polymers is caused by the difference in polymer architecture.
Biodistribution studies of radiolabeled polymer
The 22 kDa linear and 23 kDa cyclic polymers showed very rapid elimination because the MWs of both polymers are below the nominal MW cutoff (30-40 kD) of the renal filtration of linear PEG (Table 3, Figure 3) . [38] The t 1/2,β and AUC 0-∞ are almost identical for the cyclic and linear polymer but it is interesting that the cyclic 23kDa polymer is eliminated slightly faster than the linear 22kDa. This is consistent with our previous findings on the cyclic polycaprolactone where, at the lowest MW, the cyclic polymer is eliminated faster than the linear polymer [6] .
All of the polymers ranging in MW from 32 to 115 kDa had long plasma circulation time (> 20 h) in blood ( Table 3) . As expected, the greater the molecular weight of the cyclic and linear polymers, the longer the blood retention time. As the number of the PEG chains (2 kDa) was increased from around 10, 15 to 31, the MWs of the linear polymers increased from 22.1 (L22k), 32.3 (L32k) to 65.2 kDa (L65k) and the elimination half lives (t 1/2,β ) increases from 17.5, 22.3 to 25 h and the areas under the % dose/g versus time curve (AUC 0→ ∞ ) increases from 700, 1260 to 1520 %ID.h/g, respectively. Similar to the linear polymers, as the number of the PEG chains (2 kDa) increased from 10, 15 to 31, the MWs increase from 23.4 (C23k), 32.1 (C32k) to 65.7 kDa (C66k), the t 1/2,β of cyclic polymers increases from 16.6, 29.6 to 35.4 h and AUC 0→ ∞ increases from 690, 1660 to 2710 %ID.h/g, respectively. (Table 3) The cyclic polymer C115k and linear polymer L114k with ~22 PEG chains (5 kDa) have the longest t 1/2,β and the largest values of AUC 0→ ∞ in the cyclic polymers and linear polymers, respectively. The results confirm the important influence of PEG number, MW and architecture on polymer circulation time in the body.
Similar to the results of cyclic and linear PEGylated poly(ε-caprolactone) [6] , cyclic polymers with molecular size greater than the renal filtration threshold (>30 kDa) have longer plasma circulation times and larger values of AUC 0→ ∞ than linear polymers of similar mass ( Figure  4 ). Linear polymers can reptate through the nanopores in the glomeruli more easily than cyclic polymers (Scheme 1) and we always found more radioactivity from linear polymers in the urine ( Figure 5B ). The largest difference of t 1/2,β and AUC 0→ ∞ occurs in the 66 kDa polymers (Figure 4 ). For the 114 kDa polymer pair, the difference in elimination time is less than the 66 kDa polymer pair. The long circulation time (38.9±1.8 h) of 114 kDa linear polymer shows that it is difficult for linear polymers to pass through the nanopores in the kidney when the polymer molecular weight is high enough. High molecular weight diminishes the significance of polymer architecture in determining the elimination time. Also as the cyclic polymer circulates, the ester linkage hydrolyzes. Over time the cyclic polymer is converted into a linear polymer. Thus the half-lives for high MW cyclic and linear polymers will start to converge.
No specific tissue accumulation was observed for all the polymers with respect to other organs ( Figure 5 Polymers biodistributions were also evaluated in a C26 tumor bearing animal model in which the tumor was implanted on the rear flank. Cyclic polymers with the MWs of 115, 67 and 32 kDa and linear polymers with the MWs of 114, 66 and 32 kDa were selected to span a range of circulation life-times. Compared to the results in healthy BALB/c mice, the concentrations of polymers in blood of tumor bearing mice for the three pairs of polymers were lower after 48h ( Figure 6 ). The concentrations of these polymers in the liver were maintained at the same level, circa 10 %ID/g, after 48h and are not related to the polymer concentrations in the blood. The lower blood levels of the polymers in the tumored animals compared to the normal mice are probably caused by the retention of polymers in the tumors due to the EPR effect.
Biodistribution studies in tumor-bearing mice
High concentrations of the polymers accumulated in tumors and the amount increased as the polymer MWs increased ( Figure 6 ). For cyclic polymers, the polymer concentrations in the tumors increased to 45.9 %ID/g as MWs increased to 115.2 kDa. The values for the linear polymers also increased, however, at 48 h, the tumor accumulation levels of cyclic polymers are higher than that of linear polymers with the same MWs. The greatest difference occurs between the 66 kDa cyclic and 65 kDa linear polymer which corresponds to the polymer pair that had the greatest difference in circulation time (Figure 4) .
The tumor uptake of cyclic 66 kDa and linear 65 kDa polymers over a seven day period was quantified in the C26 tumor bearing animals. The mice were sacrificed at 24, 48, 72 and 168 h and the polymer concentrations were measured in blood, liver, muscle and tumor ( Figure 7 ). Both polymers are gradually eliminated from the blood and the polymer blood concentration decreased from 24 to 168 h. The polymer concentrations in liver are maintained at the same level over this period. This suggests that either there is an initial uptake of polymer in the early times that is not metabolized or polymer that is eliminated form the liver is replenished by polymer eliminated from the blood into the liver. This confirms that the polymers and the associated label are stable in the biophase for an extended time and provides an assurance that the difference in the elimination rate between the cyclic and linear polymers of similar MW is due to topology and not to properties of the label.
From 24 to 48 h, the tumor accumulation of both polymers exhibits an increase, then a continuous decrease from 48 to 168h to a similar value 18.5 %ID/g (Figure 7 ). The level of tumor uptake for cyclic 66 kDa polymer is higher than the uptake of linear 65 kDa during over the time (Figure 7) , which corresponds to the longer circulation time and higher AUC of cyclic polymers compared to their linear counterparts in non-tumored mice ( Figure 3, Table 3 ) The highest uptake difference, ~ 9.9 %ID/g occurs at 72 h. The high tumor uptake (~20 %ID/g) for both polymers is maintained for a week, which suggests a strong potential to deliver a drug to the tumor sites.
The finding that stable cyclic water-soluble polymers above the renal threshold are eliminated less rapidly than are their linear counterparts confirms our previous report using biodegradable cyclic polymers. [6] Although we now know that cyclic polymer architecture significantly influences polymer circulation time, we have yet to examine if polymer architecture influences tumor cell uptake of the polymer. Such studies will help to identify those aspects of polymer structure that can be modified to further improve polymer drug delivery to tumors.
Conclusion
We have synthesized four pairs of cyclic and linear PEGylated polyacrylic acid comb polymers. Each pair of polymers has the same MWs with narrow polydispersity. Cyclic polymers showed longer circulation times and higher tumor uptake than do their linear polymer counterparts. The polymer pair with MWs of ~66 kDa showed the largest difference in circulation time and tumor uptake between the cyclic and linear versions of the four pairs of polymers at 48 h. The study confirms [6] that cyclic polymer topology significantly increases circulation time and tumor uptake among polymers of similar MW. Blood circulation profile of radiolabeled cyclic and linear polymers given as the average percent injected dose of polymer in the blood over time (n = 3 mice per time point). Schematic diagram depicting the PEGylated cyclic and linear polyacrylic acid comb structures with MWs larger than pores in the kidney. The hypothetical repation for the linear comb polymer through the pore is easier than for the cyclic comb polymer with same MWs.
